Introduction
Emerging infectious diseases (EIDs) have become increasingly common over the past several decades, and humans can be particularly important drivers of changes in parasite prevalence (box 1; [4] ). Global travel and trade have facilitated unprecedented movement of species [2, 5] , and, when parasites successfully establish in a new location, the ensuing disease outbreaks can strongly impact humans as well as wild and domestic hosts [4] . In addition to directly influencing disease by moving hosts, parasites and vectors, human activities such as agriculture, urbanization, hunting, habitat fragmentation and climate change resulting from human activity can affect ecosystems in ways that impact infectious diseases (e.g. [1, [5] [6] [7] [8] ). Human actions can also influence the subsequent evolutionary dynamics in these EID systems, though we are only starting to appreciate these influences [1, [7] [8] [9] .
Hosts and parasites may impose strong selective pressures on one another, and both ecological and (co)evolutionary dynamics can play an important role in infectious disease emergence [6, 10] . Over the course of an outbreak, selection on a parasite and its host is not constant: both virulence and resistance can evolve, often simultaneously [11] (box 1). Thus, in these systems, ecology and evolution will likely interact, and both ecological and evolutionary dynamics will occur on contemporary timeframes [12] . These eco-evolutionary dynamics can be difficult to observe in the field [13, 14] and may only be beginning to unfold in the cases of recently emerging diseases. Thus, for many EID systems we are just beginning to understand the eco-evolutionary drivers at play. However, a few well-studied systems (e.g. box 2) illustrate that evolution can act on both hosts and parasites on ecological timescales [22] , that there can be rapid coevolution of hosts and parasites, and that humans can strongly influence eco-evolutionary host -parasite dynamics.
In this review, we investigate several ways in which humans drive evolution in host-parasite systems. In many cases this influence is indirect, via ecological impacts such as facilitating novel species interactions, increasing host population density or diversity, and/or altering abiotic environmental conditions. We also discuss cases where humans more directly affect evolution by changing host or parasite genetic diversity, or through management activities such as selective culling programmes and vaccination. Finally, we touch upon the rare instances where parasites have been eradicated and the impacts of this for evolution of hosts and parasites.
Human impacts on emerging infectious diseases via novel species associations
Humans can strongly impact EIDs by creating novel species associations. In many cases, this leads to evolution of the parasite and host in response. Often, these novel associations of hosts and parasites are the direct result of human activities; in particular, global travel and trade have created a world where species are more connected than ever before [5] . Humans also indirectly alter associations of hosts, parasites and vectors, primarily via anthropogenic climate change and land-use change. For example, increased temperatures at higher latitudes and elevations allow parasites and their vectors to expand their range into communities where hosts are naive [23] . Anthropogenic modifications of land use can also facilitate novel species associations, allowing a parasite to infect a novel host. Parasites associated with agriculture and animal husbandry can spill over into wild species as well as humans [8] . Domestic hosts can also serve as 'stepping stones' for parasites, which can move from wild to domestic species (e.g. [2, 24] ). Often, the stepping stones act ecologically (increasing parasite population sizes and/or transmission opportunities), allowing a parasite to move into a new species without evolutionary change. However, these systems also make it more likely that a genetic mutation will arise in the parasite that will allow it to successfully spill over into a novel host [9] .
A complete accounting of the different ways in which humans create novel associations of hosts, parasites and vectors is beyond the scope of this review. Instead, we will focus on the potential role of evolution in facilitating changes in disease prevalence and the potential evolutionary consequences of altered prevalence.
In many cases, novel species associations are unlikely to result in sustained transmission (R 0 . 1) [14] . However, parasites may evolve to better navigate barriers to infection, reproduction and transmission, making disease emergence more likely [1] . By dramatically increasing the dispersal of Box 1. Terminology.
In this review, we use EIDs to refer to infectious diseases that are increasing significantly in prevalence, expanding in geographical range and/or infecting new host species [1] . We use 'parasite' and 'pathogen' to refer to infectious disease agents. 'Spillover' is when disease dynamics in one host species are driven by infectious propagules from another host species (the 'reservoir' host) [2] . 'Virulence' is a negative effect of a parasite on host fitness; in most cases discussed in this review, virulence refers to parasite-induced host mortality. 'Resistance' is used to refer to a host's ability to limit infection or parasite growth, whereas 'tolerance' is used to refer to host strategies that reduce the negative fitness effects of the parasite without limiting infection or growth [3] . It is important to remember that traits such as virulence, resistance and tolerance vary according to parasite and host species (and genotype) identity.
Box 2. Case study: human impacts on eco-evolutionary disease dynamics in the poultry-house finch-Mycoplasma system.
An interesting case study demonstrating the impacts of humans on an EID system comes from the avian bacterial parasite Mycoplasma gallisepticum in eastern North America. This pathogen, which causes severe conjunctivitis, originally circulated in poultry, but then spread to house finches (Haemorhous mexicanus) in eastern North America in the 1990s [15] ; backyard bird feeders are an important avenue of disease transmission in house finches [16] (figure 1).
While this bacterium has made the shift from poultry to house finches multiple times, only one of these events was successful over the long term, founding the lineage that has spread throughout North America [15] . This lineage has evolved rapidly, increasing in virulence, likely owing to selection on transmission [18] . In addition to this phenotypic change, exceptionally rapid genomic evolution has been documented in the bacterium [19] . House finches have also evolved rapidly in response to this novel parasite. Finches from populations in eastern North America have evolved increased resistance and tolerance of the disease, and have altered expression of immune genes [19] [20] [21] .
This system is exceptional in the wealth of information we have on it, and provides clear evidence for the potential for humans to influence evolution in nature via effects on emerging diseases. Humans created the agricultural system in which the pathogen originally circulated. It then spread from poultry to house finches after the latter were introduced to eastern North America by humans. Moreover, the high densities of house finch populations were maintained by bird feeders [17] , which then also served as avenues of disease transmission [16] . Overall, humans clearly set the stage for the emergence of this infectious disease, an event that was then followed by very rapid evolution of both host and pathogen.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160043 potential host and parasite species, humans provide the genetic diversity needed for evolutionary changes to take place [25] . The likelihood that a parasite species will switch successfully to a new host may depend on how much genetic change is needed to enable infection or transmission; in some cases, only a few nucleotide substitutions are needed, but in others, much larger changes are required [1] .
Once a parasite has become established in a new host, that host might evolve rapidly in response. For example, house sparrows (Passer domesticus), a particularly widespread and competent host of West Nile virus, evolved increased resistance to NY99, the original strain of the virus that emerged in New York [26] . Similarly, recent studies have found evidence of evolution in bats after the emergence of white-nose syndrome (WNS) [27] and in amphibians after the emergence of the chytrid fungus (Batrachochytrium dendrobatidis) [28] .
Human impacts on emerging infectious diseases mediated by changes in host and/or vector density and diversity
Human activities associated with urbanization and agriculture can also have significant impacts on species abundances [29] . Such impacts on host and vector population densities can play an important role in both ecological and evolutionary dynamics affecting parasite prevalence. Extremely dense host populations increase the likelihood of parasite transmission, contributing to higher infection prevalence and increasing the potential for an epidemic [30] . Developed land can support particularly high densities of some host species, which appears to have contributed to epidemics in several instances. For example, prevalence of West Nile virus is strongly associated with both urban and agricultural land use in North America [31] , likely as a result of elevated densities of host (bird) and vector (mosquito) populations in these habitats [32] . Conversely, land-use change could potentially decrease disease risk in some cases if it reduces host or vector density, or if it leads to habitat fragmentation that hinders vector or parasite dispersal.
One mechanism driving the association between host density and disease outbreaks is the evolution of increased parasite virulence. Parasite virulence is often correlated with transmission ability, as parasites that co-opt more host resources produce more transmission stages and are also more virulent [33] . Theory predicts that when parasite virulence and transmission rate are low, an increase in these traits can increase the likelihood of infecting additional hosts (i.e. it can increase parasite fitness); however, at very high levels of virulence, earlier host death may limit transmission [14] . When host population densities increase, this reduces the cost of earlier host mortality, selecting for parasites that are more virulent than might have been otherwise supported [7, 14] .
Much of our understanding of the relationship between host population density and parasite virulence comes from laboratory studies and modelling. However, there is some evidence from field populations suggesting that anthropogenic impacts on host density contribute to disease outbreaks, at least partly driven by evolution of increased virulence in the parasite. For example, it appears that chytrid fungus infection in amphibian populations occurring at the invasion front in Central America are especially virulent, possibly owing to the relatively high densities of susceptible host individuals present [34] . In addition, agriculture, animal husbandry and fish farming support host densities well above those found in natural populations, which also can promote the evolution of more virulent parasites [7, 8] . The resulting extremely virulent parasites can become a major threat to susceptible wild host species when spillover occurs [7] . At the same time, in some systems (e.g. salmon; [35] ), adaptation in wild host populations exposed to repeated parasite spillover can be limited by high gene flow.
In addition to host density, humans impact species diversity, which can alter disease dynamics and possibly host-parasite (co)evolution. By changing competent host density and/or the likelihood of transmission, higher biodiversity may decrease (dilute) or increase (amplify) parasitism [36] . Although there is still vigorous debate, growing evidence suggests that anthropogenic reductions in biodiversity generally increase disease, and that the strength of this dilution is driven by the change in a focal host species' frequency (relative abundance), rather than its density [36] . Such biodiversity-driven changes in disease incidence may alter selection for host resistance or tolerance. Additionally, because higher host diversity often correlates with higher parasite diversity [37] , altered biodiversity might also influence cross-species transmission. While the exact evolutionary consequences are not yet known, future research would do well to investigate the influence of biodiversity on parasite spillover and host specialization. Figure 1 . Mycoplasma gallisepticum infection of house finches is partly supported by high densities of finches maintained by bird feeders [17] . These bird feeders also facilitate parasite transmission [16] . ecology of hosts and parasites and their evolutionary responses to each other [38] . Coping with altered conditions puts stress on plants and animals and can divert resources from fighting parasites [39, 40] . Costly traits such as resistance may involve evolutionary trade-offs that can depend on life-history traits such as host lifespan and the ability to have acquired immunity (versus innate immunity; e.g. [41] ). In addition, the source of host mortality may determine evolutionary responses of parasites [42] . Responses of hosts and parasites to abiotic changes associated with global climate change and increased chemical use have been particularly well studied, and we discuss these findings here. Less well studied, but equally important, is how hosts and parasites may evolve in response to changes in other interacting species owing to abiotic change [43, 44] . This will be a crucial area for future research.
Global climate change is expected to lead to increased average temperatures and temperature variability [45] . Temperature affects the physiology of organisms, impacting a parasite's ability to develop and a host's ability to resist or tolerate parasites [46] . In cases where parasites have higher temperature optima than hosts, virulence can be higher at higher temperatures, imposing temperature-dependent selection on hosts [47] . When selection depends on temperature, environmental variability may act to maintain diversity in host and parasite populations as different genotypes of each may be selected for under different conditions [48] .
Environmental exposure to pesticides can also impact the ecology and evolution of host -parasite interactions. For example, pesticide exposure increases honeybee susceptibility to parasites [49] , and parasite exposure may decrease their ability to detoxify chemicals [50] . Moreover, genetic trade-offs between resistance to pesticides and parasites might impede evolution [51] , though in some cases evolving resistance to pesticides also increases parasite resistance [52] .
Human impacts on emerging infectious diseases via impacts on genetic diversity
Humans can also impact evolution in EID systems by altering genetic diversity of hosts and parasites. Genetic diversity of hosts plays an important role in their ability to adapt to parasites [6, 53] . Thus, losses of diversity should increase host vulnerability to parasite outbreaks (though this may only happen after a certain diversity threshold is reached; [40] ). Humans can strongly impact host genetic diversity through different processes, including habitat fragmentation, overharvesting and growing monocultures. Habitat fragmentation reduces population sizes and limits gene flow, both of which are linked to reductions in genetic diversity [54] [55] [56] . Roads, a major source of habitat fragmentation, also cause significant mortality, which can further reduce genetic diversity [57] . Similarly, harvesting natural populations (via hunting, fishing, logging or other natural resource use) can alter genetic diversity by reducing population sizes, altering gene flow, changing the dynamics of sexual selection and imposing selection directly via selective harvesting [58, 59] . Finally, modern agriculture relies heavily on monocultures of crops and animals that harbour exceptionally low genetic diversity, leaving them extremely vulnerable to evolving parasites (e.g. [60] ).
A current example of a monoculture that is vulnerable to disease is commercial bananas [61] . The main varieties sold are triploid, and all propagation is by cloning. A strain of the
in banana production regions. Soon, however, a virulent strain of the Fusarium wilt known as race 4 emerged on Cavendish bananas in Malaysia, and again, banana production is threatened [61] .
Human activities also alter the genetic diversity of parasites. While humans can increase or decrease parasite diversity, evolution of parasite populations will be more rapid when they harbour high diversity. One way humans can increase diversity in parasite populations is by transporting parasites to new geographical locations (see above). Multiple introductions of a parasite to a new range can create introduced populations that are more diverse than their native counterparts [24] . In addition, with some parasites, hybridization between species or horizontal gene transfer can increase diversity. Again, this is facilitated by anthropogenic introductions of organisms around the world. For example, one newly emerged pathogen with a broad host range on multiple horticultural plant species has apparently arisen owing to hybridization between two species of Phytopthora (an oomycete), one native to the region of disease emergence and one recently introduced [62] .
Human impacts on emerging infectious diseases via intentional interventions
Humans often directly intervene when parasites threaten our health or that of the ecosystems around us, and such interventions can have evolutionary consequences (e.g. [63, 64] ). One way that humans can impact parasite evolutionary trajectories is via vaccination. Vaccination is an extremely successful means by which humans intervene in disease systems, especially when vaccination induces perfect lifelong immunity in the host. However, there are circumstances where vaccination impacts evolution in ways that counter our efforts. Imperfect or 'leaky' vaccines reduce or eliminate the negative effects of the parasite, but do not entirely prevent the parasite from replicating within the host and transmitting to other individuals [65] . Because the parasite can still replicate in vaccinated hosts, leaky vaccines may actually select for increased virulence by altering the trade-off between virulence and transmission [65] . A highly virulent strain may not be able to persist in an unvaccinated host population because of the high level of parasite-induced host mortality; imperfect vaccination alleviates this cost by artificially increasing the length of the infectious period [66] . For example, imperfect vaccination against Marek's disease virus in poultry increases the infected host's lifespan, allowing for transmission of highly virulent parasite strains [67] . The successful transmission of more aggressive viruses in vaccinated hosts may partly explain the repeated need for new and improved vaccines against Marek's disease [67] . Thus, in the case of imperfect vaccination, our efforts to reduce the burden of disease in the host may actually select for a more harmful parasite. Culling of hosts is another common intervention in hostparasite systems. In addition to potentially impacting host genetic diversity, culling can decrease the incidence of densitydependent transmitted diseases both by removing infected individuals and by reducing host population size [68] . Despite the short-term benefits of culling, it places evolutionary pressure on host and parasite populations. For hosts, culling may reduce rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160043 selection for resistance, although selectively culling only infected individuals reduces this selection pressure [69] . For parasites, the evolutionary consequences of culling are more nuanced. On the one hand, theory predicts that increasing background mortality of hosts should select for increased virulence of parasites because of selection for increased host exploitation [70] . In support of this theory, an increase in virulence owing to culling has been suggested in avian influenza [69] , and there is experimental evidence from serial passage experiments in other systems [70] . On the other hand, parasites may also experience selection for lower virulence in the face of culling because of a reduction in host population size, as appears to be the case in classical swine fever in wild boar [68] . Additionally, higher background mortality of hosts may reduce within-host competition between parasite strains, limiting selection for increased virulence [71, 72] . Taken together, host and parasite evolution may depend on a combination of host population size and the culling strategy.
Humans also use parasites to their advantage, as biological control agents (e.g. [73] ), and here parasite evolution can either be an asset or a complication. Parasites used as biological control agents are often analogous to an emerging disease, as they are introduced to naive host populations. In the case of biological control, high virulence is often desired, as this leads to more effective control of pest populations. Scientists can select for higher virulence in the laboratory or genetically modify parasites to increase virulence, and then introduce these deadly parasites into the wild [74] . However, once introduced to the wild, the optimal level of virulence for the parasite may not be the same level of virulence that makes the parasite an optimal biological control agent (e.g. [73] ).
In short, human interventions to manipulate EIDs can drive unintended evolutionary responses in parasites and hosts that may result in undesirable outcomes. Thus, it would be prudent to gather as much information as possible about a disease system before intervening. As interventions may be more likely when diseases threaten human health or economic stability (e.g. agricultural parasites), such caution is particularly warranted.
Human impacts on emerging infectious diseases via infectious disease eradication
While the sections above have largely focused on EIDs, humans can also influence host evolution via disease eradication. Full eradication of infectious diseases remains rare, with smallpox and rinderpest being the only two infectious diseases that have been fully eradicated from nature [75] . However, eradication efforts are underway for several other parasites [75] , and, even in cases where a parasite cannot be fully eradicated, it might be possible to eliminate it from a particular geographical area (e.g. [76] ). The infectious diseases targeted for eradication strongly impact host populations; thus, eradication is likely to dramatically alter the selective environment for the host. In cases where the host experiences trade-offs associated with disease resistance, this might lead to rapid evolution of the host population following eradication if resistance bears substantial costs. While the most straightforward prediction would be for evolution of decreased resistance or tolerance in response to the removal of a parasite, the reality is not always so simple. In a guppy-macroparasite system, removal of the parasite led to the evolution of increased resistance, most likely owing to changes in life history [77] . Furthermore, if the eradicated parasites interacted with other parasites, this might lead to dramatic changes in their infection prevalence, which might increase the strength of selection from those parasites.
An interesting example of these potential interactions comes from African buffalo (Syncerus caffer), which are infected by helminth worms and microparasites [78] . Because macroparasites and microparasites are targeted by different subsets of the vertebrate immune system, not having to fight off helminths might be expected to increase the immune response against microparasites, also reducing their prevalence. However, experimental treatment with anthelminthics substantially increased the lifespan of buffalo without altering their susceptibility to bovine tuberculosis. The net effect was to drive a large increase in the basic reproduction number, R 0 , of bovine tuberculosis, because buffalo infected with tuberculosis lived longer, spreading the pathogen to more individuals [78] . Thus, in this system, eradicating helminth infections would be expected to increase the strength of selection from bovine tuberculosis, potentially influencing host evolution.
In addition to influencing evolution of the host, eradication might influence the evolution of other parasites. Eradicating an infectious disease can alter competitive interactions and result in a vacated niche that can drive selection on other parasites [79] . For example, the eradication of smallpox has left an empty niche that might now be filled by a close relative, monkeypox. After the eradication of smallpox and cessation of vaccination campaigns (the smallpox vaccine provides considerable cross-immunity to monkeypox), monkeypox prevalence has increased in the Democratic Republic of Congo [80] . This means that there is now increased opportunity for selection on monkeypox to evolve increased transmission from human to human [9, 80] . Overall, eradication of an infectious disease is likely to alter the selective environment for both the host and other infectious diseases in the system.
Knowledge gaps and future directions
We have shown that human actions can drive evolutionary dynamics that contribute to parasite emergence, yet we are just beginning to understand the details of these interactions. We know that EIDs drive evolution of both hosts and parasites, but at this point it is difficult to predict how evolutionary processes will unfold and how important evolution might be in shaping disease trajectories. One way to address this knowledge gap is to focus on key traits of host and parasite species that may contribute to their role in disease epidemics. Key questions include the following (i) Which traits make it likely that a parasite will be able to evolve in a way that allows it to emerge? (ii) Are there traits of hosts that make them more likely to be impacted by an EID? (iii) What host traits, parasite traits and ecological circumstances are important for (co)evolution in EID systems?
Existing research makes some interesting predictions regarding parasite traits that may facilitate evolutionary changes that contribute to disease emergence. For example, fungal pathogens frequently cause emerging diseases in plants and have led to high profile wildlife diseases in recent years [81] . These outbreaks may be supported by the ability of fungi to use many host species and to undergo rapid evolutionary change through processes such as hybridization and rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160043 recombination [81] . In addition, long-lived resting stages enable long-distance dispersal, enabling humans to (unintentionally) transport fungal pathogens into areas with naive hosts. RNA viruses are prone to causing epidemics in humans and domestic mammals, and traits such as particularly fast generation times, high mutation rates, poor correction of mutations, and therefore, high capacity to adapt to a new host are thought to be important (e.g. [4, 82] ). Learning more about the traits that make parasites successful and likely to cause outbreaks could aid in our efforts to prevent, control or even eradicate EIDs of concern.
Interestingly, there may be a link between resilience to human disturbances, susceptibility to disease and the ability to rapidly adapt to changing conditions. 'Weedy' host species that invest more resources into reproduction and growth are often better suited to colonize habitats disturbed by human activities [83] . These species also may invest less into immunity and disease resistance, making them more susceptible to emerging diseases. However, weedy traits such as a fast generation time and high reproductive rate may also facilitate rapid evolutionary change in response to infectious diseases. Several well-studied examples of hosts that have evolved in response to EIDs feature 'weedy' host species (e.g. West Nile virus in house sparrows [26] ; Mycoplasma infection of house finches [20] ; and the classic example of Australian rabbit (Oryctolagus cuniculus) pest populations adapting to myxoma virus introduced as a biological control agent [73] ).
One major reason that we care about evolution in the context of EIDs is when trying to predict the trajectory of a given EID. In particular, under what circumstances will a host population experiencing a devastating outbreak evolve and be able to persist? A current example is that of the fungal pathogen (Pseudogymnoascus destructans) causing WNS in bats in eastern North America. Since it was first observed in the US in 2006, WNS has caused devastating mortality in several bat species, including the formerly abundant little brown bat (Myotis lucifugus) [84, 85] . However, in the regions of the US where WNS has been present the longest, little brown bats appear to be persisting and are resistant to the disease [27] . Whether other populations of the little brown bat will be able to adapt to this EID threat remains to be seen.
An important question that eco-evolutionary dynamics studies try to address is how rapid evolution can feedback to influence ecology [86] . The ecological consequences of rapid evolution by hosts and EIDs are likely to be significant. For example, WNS has led to major declines in North American bat populations, threatening some with regional extinction [85] . Bats play an important role in ecosystems as voracious consumers of insects, including agricultural and forest pests [87] . If bats evolve resistance or tolerance to this fungus, as appears to be happening in at least one species [27] , the persistence of bats in this region could significantly dampen the ecological consequences of this epidemic.
Conclusion
We have shown that several common human environmental impacts can contribute to disease emergence, and that both ecological and evolutionary dynamics are occurring on contemporary timescales. Through global travel and trade, land-use change and climate change, humans facilitate movement of host, parasite and vector species, enabling infection of naive host populations as well as host switches. Urbanization and agriculture can support particularly high population densities of hosts, leading to the evolution of virulent parasites but also more resistant hosts. Human impacts on the abiotic environment, especially temperature and chemical pollution, can favour parasite emergence through both ecological and rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160043 evolutionary pathways. Habitat fragmentation, hunting and agriculture can reduce host genetic diversity, limiting the potential for an evolutionary response in that host. In most of these cases, humans impact disease emergence unintentionally. Meanwhile, actions implemented to control disease, such as culling and vaccination programmes, can lead to unintended evolutionary consequences in both hosts and parasites, but rarely result in parasite disappearance. We have shown that all of these actions can drive rapid evolution of both parasites and hosts, highlighting the importance of considering evolutionary processes to fully understand why parasites emerge.
Additionally, while we have discussed these mechanisms and drivers separately, multiple human impacts often operate together to drive parasite emergence (figure 2). For example, intensive agriculture may drive evolution of increasing parasite virulence owing to both high host density and low host genetic diversity effects. Application of chemicals to control disease may further select for increasing virulence in remaining parasites. Spillover into closely related wild species may ensue, and transport of these virulent parasites by humans could spread the parasite to new naive host populations.
EIDs are a substantial threat to biodiversity, human health and economic well-being. Understanding the ecological and evolutionary mechanisms involved, particularly the phenotypic traits that enable parasites and hosts to (co)evolve, will help not only to improve our understanding of human influences on EIDs, but also aid in controlling or even eradicating parasites.
